We have characterized the requirements for the Protein Kinase A (PKA) catalytic subunit, DCO, in Drosophila oogenesis. Intercellular bridges in egg chambers from PKA deficient females are unstable, leading to the formation of multinucleate nurse cells by fusions of adjacent cells. Germline clones of cells homozygous for null mutations of DC0 indicate that PKA acts autonomously in the germline. Highest levels of PKA catalytic subunit protein are associated with germ cell membranes, suggesting that targets of PKA are associated with the membrane or membrane skeleton and contribute to the stabilization of intercellular bridges. The migration of a subset of follicle cells, the border cells, is also disrupted by germline PKA mutations, implying that nurse cell junctions provide an essential path for border cell migrations.
Introduction
Drosophila oogenesis involves a series of orchestrated cytoskeletal rearrangements and cell movements, many of which require communication between germline cells and somatic follicle cells (reviewed in Spradling, 1993) . Egg chamber formation begins with the asymmetric division of an oogonial stem cell resulting in the production of another stem cell and a cystoblast. The cystoblast undergoes four successive mitotic divisions with incomplete cytokineses, resulting in a cyst of 16 cells interconnected by cytoplasmic bridges. One of these cells becomes the oocyte, which initiates meiosis and remains largely transcriptionally inactive throughout its development. The 15 nurse cells are responsible for most of the RNA synthesis that occurs in the cyst, and the intercellular bridges mediate the distribution of materials between the nurse cells and the oocyte.
During the earliest stages of cyst formation, gaps in the plasma membrane of germline cells are visible in the * Corresponding author, Tel.: 212 854 6469; Fax: 212 865 8246.
' Current Address: Friedrich-Miescher Labor der Max Plank GeselIschaft, Spemannstr 37-39, Tubingen. 72076, Germany. area of cell-cell junctions. These are thought to form by premature arrest of the cleavage furrow and serve as conduits between the germ cells. During the early stages of oogenesis there is selective slow transport of organelles, proteins and specific RNAs from the nurse cells to the oocyte. This is thought to be microtubule dependent, as both oocyte growth and RNA transport can be disrupted by agents that promote microtubule disassembly (Koch and Spitzer, 1983; Theurkauf et al., 1993) . The final phase of transport from nurse cells to oocyte is both fast and non-selective. It requires the collaboration of cortical and cytoplasmic actin microfilaments to provide a contractile force, while keeping nuclei in place, and microtubules to allow mixing of ooplasm with the incoming nurse cell cytoplasm (Gutzeit, 1986a and b; Cooley et al., 1992) .
Genetic screens have resulted in the isolation of a small number of genes whose products are involved in the formation or function of intercellular bridges and encode components of the cytoskeleton. The hu-li tai shao (hts) gene is required at the earliest stages of cyst formation for the generation of a specialized cytoskeleta1 structure, called the fusome, that contains both hts protein and spectrin and which is thought to mediate the 0925-4773/95/%09.50 0 1995 Elsevier Science Ireland Ltd. All rights reserved SSDI 0925-4773(94)00317-G formation of intercellular bridges (Lin et al., 1994) . A second hts protein isoform is a component of the actinrich ring that subsequently forms at the inner surface of intercellular bridges, as the fusome disappears, to form stable ring canals (Robinson et al., 1994) . In the absence of hts function these rings fail to accumulate actin and the defective ring canals mediate little transport. The kelch (kel) gene product is also found in ring canals (Xue and Cooley, 1993) . Although ring canals of kelch mutant egg chambers accumulate filamentous actin, their structure deteriorates later during growth and transport is reduced throughout oogenesis .
The final phase of nurse cell to oocyte transport is selectively disrupted by mutations in the genes, chickadee, singed and quail. These genes encode the actin binding proteins, profilin, fascin and villin, respectively, and are required for the formation of the cytoplasmic actin network which holds nurse cell nuclei in place during rapid cytoplasmic transport, thereby preventing the occlusion of ring canals (Cooley et al., 1992; Cant et al., 1994; Mahajan-Miklos and Cooley, 1994) . Germline mutations in the segment polarity gene, armadillo (arm), also result in the failure of the final phase of nurse cell cytoplasmic transport . This defect is accompanied by alterations in the morphology of the egg chamber, including the mis-positioning of the oocyte, which normally occupies the extreme posterior of the egg chamber, and the fusion of adjacent nurse cells leading to the formation of multinucleate nurse cells. Since arm encodes the Drosophila homolog of the vertebrate adherens junctional component /3-catenin, it was argued that these defects result from de-stabilization of the cortical actin cytoskeletons of germ cells and the loss of adhesive interactions among cells of the developing cyst (Peifer et al., 1993) .
The sixteen germline cells of a developing cyst are surrounded by a monolayer of follicle cells that communicate with germ cells to direct patterning in the oocyte and in the chorion (Stein and Stevens, 1991) . Subsets of follicle cells exhibit distinctive migrations during oogenesis that put them in positions appropriate for their signalling or secretory functions (Savant-Bhonsale and Monte]], 1993). For example, the migration of border cells is required for the formation of a normal pore in the micropyle that allows entry of sperm and is being studied genetically to search for signals that initiate and guide migration (Monte]], 1994).
We have previously described the isolation of mutations in the gene for the major catalytic subunit, DCO, of Drosophila Protein Kinase A (PKA) (Lane and Kalderon, 1993) . Null alleles are larval lethals, but hypomorphic individuals can survive to adulthood with no obvious morphological defects. Females of some genotypes do not lay eggs and show a number of defects in oogenesis, including the formation of multinucleate nurse cells (Lane and Kalderon, 1993) and alterations in the microtubule organization along the anteroposterior axis (Lane and Kalderon, 1994) . Here we describe the functions of PKA in oogenesis in more detail. We show that the multinucleate nurse cells result from fusions of adjacent nurse cells at the site of intercellular bridges. Mosaic analysis indicates that the requirement for PKA in the stabilization of nurse cell junctions is entirely germ cell autonomous, and the specificity of this requirement is reflected by the co-localization of catalytic subunit with cell membranes. The similarity of this phenotype to that caused by germline mutations in the junctional protein, armadillo , suggests that PKA may be required to promote adhesive interactions between cells and that these interactions are required for the stabilization of intercellular bridges. We also present evidence that the loss of nurse cell junctions prevents the normal migration of border cells.
Results

Site of nurse cell fusions in PkTA deficient egg chambers
We have previously described a small deficiency, Df(2L)Tw2, that removes the 3' non-coding region of the major PKA catalytic subunit gene, DC0 (Lane and Kalderon, 1993) . Females carrying this allele in trans to a null allele are sterile and have multinucleate nurse cells in most egg chambers beyond stage 5. We argued that these arise through progressive fusions of nurse cells during egg chamber development, rather than defects in cytokinesis, since very early egg chambers contain normal numbers of ring canals and mononucleate nurse cells (Lane and Kalderon, 1993) . In an attempt to follow the course of nurse cell fusions, we have now looked at fixed egg chambers from sterile PKA mutant females using laser scanning confocal microscopy. Since the formation of multinucleate nurse cells is progressive, we assumed that observations of fusions in later egg chambers (stage 8-10) would be mechanistically similar to those that take place earlier. A representative egg chamber is shown in Fig. IA-C as three serial sections through a region that includes two fusing nurse cells, one of which is already multinucleate. The actin ring is separated from the cortical actin on both sides, as is frequently observed in other cases. In some egg chambers, the actin ring was seen to be only partly dissociated, appearing attached at one side of the membrane skeleton in optical sections. In every case, however, the discontinuity in the cortical actin skeleton was in the area of intercellular bridges; discontinuities were never observed at other sites along the cell junctions. Staining with antibodies against the membrane protein, Notch (Xu et al., 1992) , in concert with phalloidin, showed that in all cases the nurse cell membranes and underlying cytoskeleton remained closely apposed during the fusion process (data not shown). Thus, no membrane staining was observed in regions lacking cortical actin, nor were the membrane and cytoskeleton detectably dissociated from each other at any point along their surfaces in intact or fusing nurse cells. These observations suggest that nurse cell fusion occurs by opening of intercellular bridges between adjacent cells as the actin ring becomes partially or completely detached from the cortical cytoskeleton and the overlying plasma membrane (see Fig. 8 ).
In egg chambers with multinucleate nurse cells, isolated actin rings of both normal and abnormal shape and size were observed. Presumably, the normal actin rings result from recent fusion events, while those of abnormal shape and size have undergone significant degeneration as a result of separation from the plasma membrane and cortical cytoskeleton. Prior to disruption of the actin cytoskeleton bordering ring canals, actin rings were of normal shape and contained the characteristic protein components, kelch (Xue and Cooley, 1993) and hu-li tai shao (Robinson et al., 1994 ) (data not shown). Following nurse cell fusions, both proteins were seen associated with actin inclusions in the cytoplasm which must therefore be collapsed actin rings.
Border cell migrations disrupted by PKA mutations
In wild-type egg chambers, most of the follicle cells migrate posteriorly toward the oocyte during stage 9 of oogenesis. A group of 6-10 follicle cells at the anterior tip of the egg chamber lag behind and subsequently migrate between the nurse cells to the border between the nurse cells and the oocyte, completing their migration prior to stage 10 ( Fig. 2A) . We occasionally observed stage 9 and 10 egg chambers from PKA mutants in which border cell migration had been initiated but not completed. Presumably these cells either migrated slowly or became held up before reaching the border (Fig. 2B ). More often, the border cells had not migrated at all (Fig.  2C ). The failure of border cells to migrate normally correlated with the extent of nurse cell fusions in a given egg chamber. The penetrance of this defect never exceeded 50% and was seen only with the strongest DC0 alleles (B3, H2 and H3 but not A 13 and Bl 0) in trans to Df(2L)Tw2. In particular, it appeared that border cells failed to migrate if the pattern of fusions was such as to eliminate cell-cell junctions from the proximity of the border cells before or during their migration.
Cytoplasmic dumping is not disrupted by PKA mutations
We used an enhancer trap line, es79, which expresses P-galactosidase in the germline (Cooley et al., 1992) to monitor nuclear integrity and cytoplasmic flow in egg chambers of PKA mutants. In wild type egg chambers, P-galactosidase activity was seen leaking out of the nurse cell nuclei during stage lob-1 1 (Fig. 3B) . In stage 11, pgalactosidase activity had begun to enter the oocyte and by the end of stage 12, all of the activity was found in the oocyte (Fig. 3C ), as has been described previously (Cooley et al., 1992) . In egg chambers from DC0 mutant females ( Fig. 3D-F) , we saw no disruptions in this process. despite the altered morphology of nurse cells, in- dicating that the fast phase of cytoplasmic transport was initiated at the normal time and complete.
Catalytic subunit is associated with cell membranes in oogenesis
The phenotypes resulting from hypomorphic alleles of PKA suggest a functional requirement in early to midoogenesis. We have used three different methods to examine the expression of the DC0 gene in oogenesis. The enhancer trap line, 581, contains a P-element insert just Fig. 3 . PKA mutations do not affect nurse cell oocyte transport or arrest oogenesis. Wild-type (A-C) and PKA deficient (D-F) egg chambers which carry an enhancer trap expressing fl-galactosidase in the germline (Cooley et al., 1992) . In both cases, &galactosidase activity leaks out of nuclear membranes as they are permeabilized during stage IOb (B and E) and then is dumped completely into the oocyte (C and F).
upstream of the DC0 transcriptional start site and results in the expression of /3-galactosidase in a pattern similar to DC0 in the adult brain (Skoulakis et al., 1993) . High levels of fi-galactosidase activity were seen in the germarium, particularly in region 2 (Fig. 4A) . Expression was reduced in the early vitellarium and then gradually increased to a maximum at stage 10. We saw very little @-galactosidase activity in the follicle cells before stage 1Oa (Fig. 4B) . In situ hybridization with an antisense probe to DC0 gave similar results but also showed preferential accumulation of DC0 RNA in the oocyte of stage 5-7 egg chambers ( Fig. 4C and D) . Again we saw no indication that DC0 was expressed at high levels in follicle cells.
The distribution of PKA catalytic subunit protein was examined by immunolocalization. From the earliest stages of cyst formation in region 2 of the germarium, the majority of DC0 protein was seen associated with germ cell membranes (Fig. 5A ). We saw a decrease in membrane associated DC0 in the early vitellarium and a subsequent increase in later stages to a level which persisted throughout oogenesis. We saw no evidence of an elevated concentration of PKA around ring canals. Staining ovarioles from PKA hypomorphs revealed very low levels of protein (Fig. 5B) , indicating both the specificity of the antibody and the severe effect of the Tw2 deficiency on protein production. We have previously determined from Western blots of adult fly extracts that the null alleles, B3 and H2, make no detectable stable protein (M.E.L. unpubl.). (A) and (B) pgalactosidase activity staining of egg chambers from females carrying a P-element enhancer trap insertion upstream of the DC0 transcriptional start site (Skoulakis et al., 1993) . High levels are seen in the germarium, beginning in region 2. Expression decreases in early previtellogenic stages and then increases. 
PKA is required only in the germline for egg chamber development
To determine the null DC0 phenotype and the focus of its action in egg chamber development, we generated clones of cells homozygous for DC0 mutations by FRT-FLP mediated recombination using a gene encoding a myc-related antigen as a marker (Xu and Rubin, 1993) . Induction of mitotic recombination late in the third larval instar produced somatic clones and also germline clones, albeit at much lower frequency. Follicle cell clones were identified by the absence of staining with anti-myc 49 (1995) 191-200 antibodies (Xu and Rubin, 1993) . We observed many egg chambers containing large clones of follicle cells mutant for null alleles that showed no evidence of nurse cell fusions ( Fig. 6A and B) . Conversely, several egg chambers which had undergone nurse cell fusions contained only very small follicle cell clones ( Fig. 6C and D) , suggesting that the genotype of the follicle cells was not related to Fig. 7 . DCOa3 clones induced in ovo " females stained with phalloidin.
(A) Nurse cell fusions may occur earlier than with hypomorphic mutations, as indicated by the stage 5-6 egg chamber at the extreme left that has already undergone multiple fusions. (B) The geometry of egg chambers is occasionally disrupted as in the egg chamber in the top of the picture. Large actin inclusions are visible in the oocyte of the stage-9 egg chamber (right). Note that the border cells have migrated in this egg chamber (arrow), in contrast to the stage-9-10 egg chambers in (A; extreme right) and (C), where border cell migration is not complete. the nurse cell fusions. Since expression of the Myc markers could not be induced in germ cells, we determined the genotype of these cells directly by staining with antibodies against DC0 protein. We saw no DC0 protein in egg chambers with unevenly distributed nuclei (Fig.  6E) , indicating that egg chambers containing multinucleate nurse cells were indeed homozygous for null mutations of DC0 in the germline. We did not observe border cell migration defects in populations of stage 10 egg chambers (n > 100) which included large follicle cell clones of null alleles (data not shown).
To confirm and extend our findings with FLP-mediated recombination, we also induced clones of null alleles using y-rays in females carrying the dominant female sterile allele, ovoD', on the left arm of the second chromosome . We recovered clones homozygous for null (B3 and H2) and strong (H3) DC0 alleles at similar frequencies to clones homozygous for a parent control chromosome (4-8% of all females). In ovaries from 26 females carrying DC0 mutations, we observed nurse cell fusions in all egg chambers at stage 6 or later (Fig. 7A-C) . The severity of this phenotype was slightly greater than we had observed with hypomorphic alleles. For example, Based on the cortical localization of PKA and the similar mutant phenotypes observed for egg chambers deficient for PKA and the junctional protein armadillo, we speculate that PKA is required for the stabilization of adhesive interactions between nurse cells (indicated by horizontal lines linking actin cytoskeletons and plasma membranes of adjacent cells). Such interactions may be required for the integrity of the intercellular bridges, which form as a result of arrest of the cleavage furrow. The absence of PKA from the membrane results in weakened adhesive interactions in this area. Internal pressure caused by rapid increase in nurse cell cytoplasmic volume and confinement within the follicular epithelium may cause the arrested cleavage furrow to fold out, disrupting the connection between the actin ring and the plasma membrane. The nuclei from two fusing cells move to occupy a central position and the actin ring eventually degenerates. in some null mutant clones, several fusions could be identified as early as stage 5-6, suggesting that fusions may have been initiated at an even earlier stage (Fig. 7A) and we also occasionally observed quite large actin inclusions (Fig. 7B) . The geometry of the egg chamber was occasionally affected (1 l/l 57 stage 5-10 egg chambers), such that the position of the oocyte could not be unambiguously determined, as in Fig. 7B . We observed failure of border cell migrations in 50% of stage 10 egg chambers homozygous for B3 and H2 in the germline (n = 58) (Fig.  7C ). This indicates that the migration defects observed with hypomorphic females result from PKA dysfunction in the germline. We suggest, therefore, that the failure of border cells to migrate results from disruption of their path of migration.
We observed very little egg laying among populations that included females with PKA germline clones, although mature eggs were found in ovaries dissected from these females. The size of these eggs was variable, but many eggs were smaller than normal. Nearly one fourth of these eggs had abnormal dorsal appendages of variable morphology, including both fused appendages and absence of dorsal appendages. Mature oocytes showed no evidence of incomplete dumping, indicating that even null mutations of DC0 did not prevent transport from the nurse cells to the oocyte. We also saw no evidence of necrosis of egg chambers, indicating that null DC0 mutations did not affect the viability of cells in the egg chamber.
Discussion
We have presented evidence that PKA is required in the Drosophila germline for nurse cell integrity and border cell migrations. We discuss below the hypothesis that PKA acts to stabilize adhesion between nurse cells throughout areas of cell-cell contact and that nurse cell junctions normally provide essential paths for border cell migrations. The only other primary requirement for the PKA catalytic subunit, DCO, in oogenesis appears to be in the reorganization of microtubules in the oocyte which allows polar localization of RNAs along the anteroposterior axis (Lane and Kalderon, 1994) . We found that the DC0 catalytic subunit is not required in the germline for the formation of the cytoplasmic actin network that holds the nurse cell nuclei in position during dumping, nor for the movement of materials from the nurse cells to the oocyte. Similarly, no defects were observed as a consequence of homozygous null DC0 alleles in follicle cells, emphasizing the specificity of the actions of this PKA catalytic subunit in oogenesis.
PKA and junctional integrity
Investigation of the events which occur prior to the appearance of multinucleate nurse cells in PKA hypomorphs suggests that the intercellular bridges are the points of fusion. In serial sections of fusing nurse cells the actin ring can always be seen detached from the cortical actin along part, or all, of its circumference. The plasma membrane is similarly partially, or completely, detached from the actin ring. The plasma membranes of adjacent nurse cells are normally topologically contiguous owing to the incomplete cytokinesis that generates sister cells (Fig. 8) . It would, therefore, be expected on energetic grounds that cell fusions would initiate at the site of intracellular bridges by an outfolding of the plasma membrane, rather than by perforation of apposed bilayers at some other point along their surfaces. This spontaneous, apparent reversal of cytokinesis may be induced in the growing egg chamber by internal and external forces due to the dramatic increase in its volume, confinement within the follicular epithelium and muscular contractions of the ovary. Presumably, it is normally prevented by stabilizing interactions that link the ring canal, plasma membranes and cortical cytoskeletons of adjacent nurse cells. In PKA mutants, we saw no evidence for dissociation of the actin cytoskeleton from the plasma membrane. We therefore suggest that the fusion of nurse cells results either from weakening the connection between the cortical cytoskeleton and the ring canal or by weakening adhesive interactions throughout the surface of contact of apposed nurse cells (Fig. 8) .
The localization of catalytic subunit in the region of germ cell membranes is suggestive of a specific requirement for PKA phosphorylation of proteins in the membrane or in the underlying cytoskeleton. The catalytic subunit has been found in a number of subcellular localizations in a wide variety of cell types. It can be nuclear or cytoplasmic (Bacskai et al., 1993) , associated with particular cytoskeletal structures (Nigg et al., 1985) or with membrane fractions (Rubin et al., 1972; Corbin et al., 1977) . This allows for restriction of the response to a diffusible substance, CAMP, to a particular subcellular localization. The importance of regulating the subcellular distribution of PKA has been shown directly in some cases (Bacskai et al., 1993; Kaang et al., 1993; Rosermmnd et al., 1994) and can be inferred in other cases from the use of specific proteins to ensure appropriate localization. These proteins, called A-kinase anchoring proteins (AKAPs), act via binding simultaneously to the PKA regulatory subunit and to cytoskeletal proteins (Carr et al., 1992; Glantz, et al., 1992; Hirsch et al., 1992) . The localization of PKA throughout the area of contact between nurse cells therefore suggests that crucial substrates are close to the plasma membrane and that they are not restricted to the site of intercellular bridges. In support of this interpretation, we did not observe any evidence for alterations in the structure ,or constitution of ring canals prior to fusion by staining with actin or other functionally important components, hts and kelch. Also, since we observed normal cytoplasmic dumping, as well as selective transport of a number of mRNAs to the oocyte (Lane and Kalderon, 1994) , we conclude that intact ring canals were functional.
The mutant phenotype of armadillo, another protein that is localized throughout contact areas between nurse cells but which is notably absent from the sites of ring canals, provides a precedent for the idea that defects in germ cell adhesion can lead to nurse cell fusion. Germline arm mutations lead to a variety of defects of variable penetrance that include apparent fusions of nurse cells, visualized by phalloidin staining, and less often lead to distortion of the shape and relative position of nurse cells and oocyte. arm encodes the Drosophila homolog of vertebrate fl-catenin, which is part of a multiprotein complex, both in Drosophila and in vertebrate epithelial cells, that includes cY-catenin and E-cadherin or related transmembrane glycoproteins (Ozawa et al., 1989; Peifer, 1993) . This complex is thought to be involved in regulating adhesive interactions between cells. One aspect of this regulation involves linking of the cortical cytoskeleton in adjacent cells in response to contact. Since the absence of armadillo would be expected to reduce both the stability of the cortical cytoskeleton and adhesion between cells, it is difficult to define the primary cause of nurse cell fusions in arm mutants . Since PKA mutations do not appear to affect the association of the cortical cytoskeleton with the plasma membrane or the activity of the cortical cytoskeleton in effecting cytoplasmic dumping, we favor the idea that the fusion of nurse cells in both PKA and arm mutants is promoted by a reduction in adhesion between adjacent nurse cells rather than by direct de-stabilization of the cortical actin cytoskeleton (Fig. 8) . Armadillo protein, unlike DCO, is also expressed at high levels in the follicle cells and this may account for the frequent rearrangement and deformation of germ cells that is seen in arm mutants but only very rarely observed even in germline clones null for DCO.
Molecular targets of PKA
One possible target for PKA would be armadillo itself, which contains a good PKA consensus site (Riggleman et al., 1989) , the associated protein a-catenin, which also contains PKA consensus sites (Oda et al., 1993) or other members of the Drosophila cadherinicatenin complex which are as yet unidentified (Peifer, 1993) . At present we have no genetic or biochemical data in support of such interactions. We have not observed any clear differences in the level or punctate distribution of armadillo protein between hypomorphic PKA mutant females and controls. The correct localization of armadillo protein in PKA mutants suggests that complex formation is not dependent on PKA, as the formation of a complex between cadherins and catenins has been shown to occur prior to membrane localization (Ozawa et al., 1989) .
Recent work provides evidence for the involvement of the CAMP pathway in regulating cell adhesion mediated by other types of adhesion molecules in a number of cell types. Lymphocyte adhesion, which is mediated by the interaction of LAF-1, a member of the integrin family, with ICAM, a member of the immunoglobulin superfamily, is promoted by agents that increase the intercellular concentration of CAMP and is blocked by PKA inhibitors (Haverstick and Gray, 1992) . Similar treatments to MDCK cells result in the formation of polarized multilayers, though the identity of the molecules involved are unknown (Ullrich et al., 1993) . It is possible, therefore, that PKA promotes adhesive interactions in Drosophila egg chambers through interaction with other molecular components of junctional complexes.
The localization of PKA close to nurse cell membranes suggests that it is in a position to respond effectively to localized pulses of CAMP. Temporal dissection of the events which are involved in the formation of stable adhesive contacts between cells suggests a role for second messenger dependent signal transduction (McNeil et al., 1993) . The initial contact, which is mediated by cell surface adhesion molecules, acts as a stimulus for the formation of stable contacts, which involves modification of the interactions between the junctional proteins and cell membranes. The rapid growth of nurse cells and the changes in cell shape which occur during growth of the egg chamber may require constant modification of newly assembled junctional complexes. New contacts between very small regions of the surface of two adjacent cells may result in the production of small, localized pulses of CAMP. Membrane associated PKA is optimally situated to respond to such pulses and its proximity to junctional complexes would allow for a very specific response.
Migration of border cells
Although border cell migrations were disrupted in PKA mutants, PKA does not appear to be involved in signal transduction events in the border cells that may regulate their migration (reviewed by Montell, 1994) . Both PKA hypomorphic mutants and null germline clones could disrupt migrations if the consequent nurse cells fusions extinguished the junctions over which border cells normally migrate. This demonstrates that nurse cell junctions provide essential, rather than just preferred paths of migration for border cells. The nurse cell junctions may simply provide an unobstructed path for migration but may also be a source of specific molecular cues for the initiation or continuation of migration. The incomplete penetrance of border cell migration defects in the complete absence of germline DC0 suggests that PKA would not be directly responsible for the generation of such a signal.
Specificity of PKA function in oogenesis
PKA is required for stabilization of nurse cell junctions and the organization of microtubules in the developing oocyte (Lane and Kalderon, 1994) . However, a number of other processes mediated by specialized cytoskeletal assemblies were not affected even by null DC0 mutations. Cystoblast divisions, specification of the oocyte, early selective transport of RNAs to the oocyte, formation of a functional cytoplasmic actin network and the fast phase of transport from nurse cells to oocyte all proceeded normally in null DC0 gerrnline clones even in egg chambers showing extensive nurse cell fusions. This contrasts with the phenotype of other mutations which can lead to nurse cell fusions. Profilin mutations (Verheyen and Cooley, 1994) block cytoplasmic dumping, whereas germline armadillo mutations can not only block cytoplasmic dumping but also alter the location of the oocyte within the egg chamber.
We did occasionally observe defects in the chorion caused by DC0 null mutations in the germline that we had not previously observed with hypomorphic alleles. These defects did not clearly fall into the dorsalizing or ventralizing class of mutations that affect follicle cell differentiation, as dorsal appendages were seen to be both reduced or missing as well as fused or expanded. Since these defects were germline autonomous, they may result from subtle and non-specific disruption of follicle cell migrations, as is often observed with mutations which have severe effects on the development of the egg chamber (Schupbach and Wieschaus, 1991) . It is also possible. that there are occasional alterations in the localization of gurken RNA that, as for cappuccino and spire mutations, could lead to either ventralization or, more commonly, dorsalization (Neumann-Silberberg and Schupbach, 1993) . The localization of gurken RNA is normal in PKA hypomorphs (Lane and Kalderon, 1994) but has not been examined for null DC0 germline clones.
No mutant phenotypes were observed to result from null DC0 clones in follicle cells. Some consequences of PKA mutations may have escaped our attention, including the cause of the reduced size of mature oocytes and their retention by mutant females. However, our studies suggest that during oogenesis the function of the major PKA isoform is limited to the germline, where it acts to regulate a small number of cytoskeletal structures that are essential for nurse cell integrity and polarized RNA transport along the anteroposterior axis.
Experimental procedures
Phalioidin-Propidium iodide staining
Adult flies (l-2 days old) were fed wet yeast for 2-3 days. Ovaries were dissected out in cold modified Robbs medium (Theurkauf et al., 1992) and fixed in 4% paraformaldehyde for 20-30 min. After three washes in PBS+ 0.1% Tween (PBT), ovaries were stained with flouresceinconjugated phalloidin (Molecular Probes) and propidium iodide as described by Peifer et al., (1993) . Ovaries were mounted in Aquapolymount (Polyscience).
Antibody staining of ovaries
Two methods of fixation were used for DC0 immunostaining. Paraformaldehyde fixation, as described above, resulted in higher levels of staining throughout the egg chamber cytoplasm with membrane staining visible in confocal sections. Alternatively, ovaries were fixed in cold methanol at -20°C for 10 min, which resulted in higher levels of membrane staining relative to cytoplasmic staining. After washing out fixative with PBS followed by 2 PBT washes, ovaries were blocked in PBS + 1% BSA+ 0.1% Tween + 0.1% Triton (PBSTT) for l-2 h at room temperature and incubated overnight at 4°C with rabbitanti-DC0 antibody (Lane and Kalderon, 1993) diluted in PBSTT 1: 1000. Ovaries were rinsed twice in PBT and then washed four times 15 min in PBT. Ovaries were incubated with RITC-or FITC-anti-rabbit secondary antibodies (Cappel), preabsorbed against fixed ovaries and diluted 1:500 in PBSTT, for 2 h at room temperature, and washed as above.
/3-galactosidase activity staining and in situ hybridization
Females were collected, dissected and stained according to a protocol described by Cheung et al. (1992) . In situ hybridization was performed as described (Tautz and Pfeifle, 1989) with modifications described elsewhere (Lane and Kalderon, 1994 ).
FLP-mediated recombination and analysis of genetic mosaics
Flies of the genotype yw; FRT DCO"ICy0; hsFLP were constructed from the stock 40-1, described in Xu and Rubin, 1993 . DCOX indicates the alleles DCOH2 and DCOB3, both of which behave as null alleles (Lane and Kalderon, 1993) . Chromosomes carrying these alleles are free of other lethal mutations, as both can be rescued by a DC0 genomic transposon (Lane and Kalderon, 1993; M.E.L. unpublished) . Males were crossed to females that were either 40-2 aMF or 40-NMF (Xu and Rubin, 1993) . Various heat shock conditions were tested to give the most efficient recombination induction, but general guidelines determined by Chou and Perrimon (1992) were used. We found that heat shocking late 3rd instar larvae (7 d AEL) for 2-3 h in a 37°C room resulted in 50-60% germline mosaicism, with l-3 homozygous mutant egg chambers per mosaic female. Follicle cell mosaics were induced under these conditions, but could also be induced by heat shocking adults for 1 h in a 37°C water-bath, followed by recovery and feeding for 3-4 days. Prior to dissection, Myc marker expression was induced by l-h heat shocks in a 37°C water-bath, followed by a 90-min recovery at 25°C. Ovaries were dissected, fixed as above and double stained with FITC-phalloidin and anti-Myc antibody (Oncogene Science), followed by Texas Red anti-mouse secondary antibody (Cappel) as described by Xu and Rubin (1993) .
